Hantaviruses' distribution is reassessed after performing a cladistic analysis on ninety-three strains isolated from rodents, and one used as outgroup:
INTRODUCTION
Wild rodents are the usual reservoirs of the zoonotically important hantaviruses (genus Hantavirus, family Bunyaviridae). Several serologically distinct groups have been associated with different syndromes. In the Old World, Hantaan, Dobrava, Seoul and Puumala cause the clinical forms of hemorrhagic fever with renal syndrome) (HFRS) 1. In the New World, Sin Nombre and Andes are responsible for hantavirus pulmonary syndrome (HPS) 2. A last group, Tula, widely distributed in Russia and Eastern Europe has never been associated with a human disease.
The hantavirus genome has 3 segments; large (L 6,5 kb), medium (M 3,7 kb) and small (S 1,8 kb) encoding: viral transcriptase-replicase, surface glycoprotein precursor (G1 and G2) and nucleocapsid protein respectively. 3, 4 Different analyses based on the alignment of the M or S sequences. 1, 5, 6, 7, 8, 9, 10, 11, 12, 13, 14 have been performed and used to discuss the distribution of these viruses, relative to the biogeography and evolutionary history of their hosts. Murine rodents are the primary hosts and, because each virus group seems to be associated with a particular rodent group, the hypothesis of coevolution has been suggested. 1, 3, 5, 6 Since the methodology to establish such coevolution has been questioned and no firm conclusions have been reached, this paper revisits the coevolution of the virus by examining the evolutionary relationship of the S genes of various hantaviruses to their respective murine hosts.
MATERIALS AND METHODS

Sequences and alignment
The data set includes Hantavirus S sequences, from 94 taxa, found in GenBank (Table 1) : 92 isolated from different rodent hosts, one isolated in Korea from a bat (Kim, direct submission 1995) and Thottapalayam detected in India from a shrew (Suncus murinus) by Carey et al., 16 identified by Xiao et al. 17 and recently introduced (complete S sequence) in GenBank by Schmaljohn and Toney (direct submission, 2004) . Only complete CDS, whose wild host was certainly identified, were considered. The S sequence of Dugbe virus previously used as outgroup by Hughes and Friedman, 11 was first considered but finally excluded as explained in the outgroup paragraph. A virus described in Thailand from a Bandicota indica 1 could not be included in the data set because the S sequence of this virus remains unknown. Selected sequences range between 1,130 and 2,082 nucleotides from which: first 42 correspond to the primer and nucleotides; 1,342-2,082 to the codon stop and non-coding region. Alignment of the coding part (nucleotides 43 to 1,341) was performed using CLUSTAL-X automatic procedure, 18 then improved manually using SE-AL v2.0a11 19 and validated using the amino acid translation. When applied to the non-coding part, the same procedure made visible the impossibility to detect real homologies between most of the sequences. Thus, only the coding part of the gene was used for phylogenetic analyses.
Sequences were analyzed at nucleotide level.
Aligning and coding indels
Sequence alignment made necessary to postulate several gaps, particularly between nucleotides 766 and 813. Various approaches have been employed to deal with insertion-deletions (indels), ranging from their total exclusion to their treatment as missing data or as a fifth character state. Gaps are considered reliable characters by many systematists and the first approach means the loss of potential phylogenetic information. 20 In addition, in our data set, indels are observed within the hypervariable region where the percentage of parsimony informative characters is superior to 90% (less than 60% for the rest of the matrix). Therefore, we kept this region for analysis. Standard procedures for coding gaps suffer of several weaknesses: either the different sites are analyzed independently (gap = new state) and each gap is artificially over weighted relatively to the number of sites, or each site is coded "?" (gap = missing data) and optimization procedure makes the whole zone devoid of phylogenetic information. To express potential phylogenetic information contained in zones with internested insertions/deletions and substitutions, 8 characters coding the presence/absence of deletions between nucleotides 766 and 813 were added. Finally, the matrix includes 1,323 RNA characters and 8 presence/absence characters.
Outgroup rooting
An outgroup sequence must be closely related to the rest of the sequences, but comparatively more different than the others are between themselves. The introduction of the Thottapalayam sequence within the previously aligned rodent-borne sequences: makes necessary the addition of several deletions;
shows that, Thottapalayam possesses several conservative parts of the rodentborne sequences. Thus, if Thottapalayam may certainly be considered a Hantavirus, it is highly divergent from other members of the genus. This is confirmed by the values of the total-character distances calculated using PAUP:
within the rodent-borne group, distances vary from 2 to 516; between Thottapalayam and the others, distances range between 765 and 859. Thus
Thottapalayam may be considered a valuable outgroup and was included in the data set.
Sequence analyses
Two methods likely to give results interpretable in an evolutionary context were used: maximum parsimony analysis (MP) and Bayesian analysis (MB). MACCLADE 4.0 21 and TREEVIEW 1.3 22 were used for data and tree handling and for computation of statistics. MP analysis was computed using PAUP* 4.0b10. 23 Robustness of nodes was assessed using bootstrap method 24 computed after 10,000 replicates of heuristic search with closest stepwise addition of taxa. MODELTEST 3.0 25 was used to determine the best fitting likelihood settings: the general time reversible model 26 with among-site substitution rate heterogeneity described by a gamma distribution with eight categories 27 and a fraction of sites (INV) constrained to be invariable (GTR+I+G, selected by AIC). MB analysis using these settings was performed using MrBayes v3.0B4 . 28 Bayesian approach allows defining an explicit probability model of character evolution and obtaining a rapid approximation of posterior probabilities of trees, through the use of the Markov Chain Monte Carlo (MCMC) approach. MrBayes also allows performing phylogenetic analyses of data sets combining information from different subsets, evolving under different evolutionary models. Two partitions were distinguished in our original data set: partition 1=nucleotide (characters 1-1,323) for which the likelihood model chosen was the GTR+I+G; partition 2=indels (characters 1,324-1,331) treated as presence/absence. Analysis was conducted with four independent Markov chains, run for 2,000,000 metropolis-coupled MCMC generations, with tree sampling every 10 generations and burn-in after 3,300 trees. Consensus tree was computed using the "halfcompat" option, equivalent of 50% majority rule. Proportion values of posterior probability of bipartition, considered equivalent to bootstrap values 29, 30 were used for evaluation of robustness of the nodes.
Virus taxonomy
In the following and in the figures:
-Virus species listed in the Eighth Report of the International Committee on Taxonomy of Viruses 31 are in italic script.
-Strain names are in roman script, or are represented using their abbreviation in caps when an abbreviation has been proposed.
-When different strains of a same virus species are included, a number or an adjective (generally dealing with the geographic origin) is added.
The correspondence between the virus species, strain names and abbreviations is given in Table 1 .
RESULTS
General
MP or MB analyses yield consistent results. All bipartitions found by MP analysis with a bootstrap value superior or equal to 95% were also found by MB analysis with a posterior probability equal or superior to 95%. In addition, MB analysis gave a resolution and a support superior or equal to 50% for several nodes, which were unresolved, or resolved with a bootstrap inferior to 50%, in the MP analysis. Even if MB analysis is likely to favor higher values when compared to bootstrap analysis, 28, 29, 30 2: "Bayou, Sinnombre, Andes" (Figure 2) . " (Figure 3) . CLADE-3 is the sister group of CLADE-2 and is hosted by Arvicolinae rodents.
CLADE-
CLADE-3: "Prairie, Tula, Puumala
Tula and Puumala are strictly Palearctic, Islavista is strictly Nearctic. 
DISCUSSION
Clades, groups, robustness of the nodes and molecular data.
Our analysis confirms the 3 main clades previously described within the hantaviruses 6,11 and supports the subdivision of each clade into 3 subclades. 
Host specificity and correspondence with host taxonomy
The topology of the 3 main clades matches the phylogeny of the 3 host subfamilies to which they are respectively devolved. Dominant host genera (pointed by arrows on Figure 1 
Biogeography of rodent-borne hantaviruses
CLADE-1 is Palearctic except Tchoupitoulas, reported from a wild Rattus norvegicus in New Orleans. R. norvegicus is a cosmopolitan species, which dependence for human quarters is well known and the presence of this Hantavirus in the New World may probably be, interpreted a case of dispersion by humans. CLADE-2 is exclusively found in the New World: 
